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Non-abelian energy loss in quark gluon plasmas is shown to lead to novel hadron ratio suppres-
sion patterns in ultrarelativistic nuclear collisions. We apply recent (GLV) estimates for the gluon
radiative energy loss, E(E, R) ∼ E(R/6 fm)2, that increases linearly with the jet energy up to
E < 20 GeV and depends quadratically on the nuclear radius, R. The K−/K+ and K+/pi+ ratios
are found to be most sensitive to the initial density of the plasma.
PACS numbers: 12.38.Mh; 24.85.+p; 25.75.-q
Energy loss of high energy quark and gluon jets pene-
trating dense matter produced in ultrarelativistic heavy
ion collisions leads to jet quenching and thus probes the
quark-gluon plasma formed in those reactions [1,2]. The
non-abelian radiative energy loss, E(E, L), suppresses
the moderate 2−3 GeV < pT < 10−15 GeV distributions
of hadrons in a way that can also influence the jet frag-
mentation pattern into dierent flavor hadrons. This is
because quark and gluon jets suer dierent energy losses
proportional to their color Casimir factors (4/3, 3). First
estimates[1,2] suggested that E  1 − 2GeV(L/fm)
would depend linearly on the plasma thickness, L, as
in abelian electrodynamics. In BDMS[3], however, non-
abelian (radiated gluon nal state interaction) eects
were shown to lead to a quadratic dependence on L with
a much larger magnitude of E. The analysis of jet-
quenching in Pb + Pb at
p
s = 20 AGeV, however, in-
dicated a negligible energy loss at that energy [4,5]. In
GLV[6,7] nite kinematic constraints were found to re-
duce greatly the energy loss at moderate jet energies. In
this letter we apply the GLV energy loss to estimate more
quantitatively the eect of jet quenching on the hadronic
ratios at moderate p? < 10 GeV at the Relativistic
Heavy Ion Collider (RHIC) energy,
p
s  130 AGeV.
An advantage of looking into particle ratios is that
uncertainties in the absolute normalization due to accep-
tance tend to cancel. The disadvantage is of course that
high p? particle identication is increasingly dicult. As
we show below, the kinematically suppressed GLV energy
loss turns out to depend approximately linearly on the
jet energy, E. This linear dependence, E / E, leads
unfortunately to only a very weakly p? dependent sup-
pression of the transverse momentum distributions for
the kinematic range accessible experimentally at RHIC.
Our focus here is to investigate whether the p? depen-
dence of the particle ratios can help further pin down the
jet quenching mechanisms. Our primary candidates are
the measurable K+/pi+ and K−/K+ ratios.
Non-abelian energy loss in pQCD has been calculated
analytically in two limits. In the \thick plasma" limit,
the mean number of jet scatterings, n = L/λ, is assumed
to be much greater than one. For asymptotic jet energies
the eikonal approximation applies and the resummed en-
ergy loss (ignoring kinematic constraints) reduces to the







where CR is the color Casimir of the jet (= Nc for glu-
ons), and µ2/λg / α2sρ is a transport coecient of the
medium proportional to the parton density, ρ. The fac-
tor, ~v  1−3 depends logarithmically on L and the color
Debye screening scale, µ. It is the radiated gluon mean
free path, λg, that enters above.
In the \thin plasma" approximation, GLV [6] employed
the opacity expansion derived in [7] to express the rst




















16x2E2 + (k− q)4?L2
, (2)
where the opacity factor L/λg is the average number of
nal state interactions that the radiated gluons suer in
the plasma. The upper transverse kinematic limit is
k2max = min [4E
2x2, 4E2x(1− x)] , (3)
and the upper kinematic bound on the momentum trans-
fer is q2max = s/4 ’ 3Eµ. Furthermore, µ2eff/µ2 =
1 + µ2/q2max. For SPS and RHIC energies, these nite
limits cannot be ignored as shown in [6,7]. The integral
averages over a screened Yukawa interaction with scale
µ. The integrand is for an exponential density prole,
ρ / exp(−2z/L), with the same mean thickness, L/2, as
a uniform slab of plasma of width L.
It was shown in [6,7] that in the asymptotic E ! 1
limit, the rst-order expression (2) reduces to the BDMS
result [8] up to a logarithmic factor log(E/µ). Numerical
solutions revealed that second and third order in opac-
ity corrections to eq. (2) remain small (< %20) in the
kinematic range of interest.
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For applications to RHIC energies (
p
s  130 AGeV),
a lower bound on the rapidity density of gluons is esti-
mated from HIJING [10] to be  200. This results in an
initial gluon plasma density, ρ  10/fm3. As shown in
[11] this gluon density is consistent with the rst PHO-
BOS data [12] on the charged hadron rapidity density
( 550). While considerably higher density initial condi-
tions are also consistent with the data, we illustrate here
the jet quenching eects for a generic plasma with an
average screening scale µ = 0.5 GeV, αs = 0.3, and an
average gluon mean free path λg = 1 fm. The numerical
results for the rst order energy loss E, taking into ac-
count the nite kinematic bounds are displayed in Fig. 1
for dierent opacities n = L/λg = 1−4. Since E / CR,
quark jet energy loss is simply 4/9 of the gluon energy
loss shown in Fig. 1. As noted in Refs. [6,7], the rst
order opacity result reproduces the characteristic BDMS
quadratic dependence of the energy loss on L.
FIG. 1. Absolute and relative energy loss of a gluon jet at
dierent opacities, n = L/λ = 1, 2, 3, 4.
The most surprising feature of Fig. 1 is that unlike
in the asymptotic BDMS case, where E/E / 1/E de-
creases rapidly with energy, the nite kinematic bounds
in the GLV case give rise to an approximate linear en-
ergy dependence of E in the energy range, E = 2− 10
GeV. For this plasma, characterized by the transport co-
ecient µ2/λg = 0.25 GeV2/fm, the approximately con-










For the energy range displayed, EBDMS/E 
(40GeV/E)(L/6 fm)2 for ~v = 2, exceeds unity through-
out this energy range. The GLV expression approaches
the asymptotic BDMS result from below only beyond the
range of RHIC experiments.
In order to investigate the influence of the GLV energy-
dependent radiative energy loss on hadron production,
we apply a perturbative QCD (pQCD) based descrip-
tion of Au + Au collisions, including energy loss prior to
hadronization. First, we check that the applied pQCD
description reproduces data on pion and kaon produc-
tion in p+ p collision. Our results are based on a leading
order (LO) pQCD analysis. Detailed discussion of the
formalism is published elsewhere [13,14]. Next to leading
order calculations are in progress [15].
Our pQCD calculations incorporate the parton trans-
verse momentum (\intrinsic kT ") via a Gaussian trans-
verse momentum distribution g(~kT ) (characterized by the

















Here we use LO parton distribution functions (PDF)
from the MRS98 parameterization [17] and a LO set of
fragmentation functions (FF) [18]. The applied scales are
Q = pc/2 and Q̂ = pT /2zc.
FIG. 2. pi−/pi+ and K−/K+ ratios in p + p → h + X col-
lisions in the energy region 19.4 ≤ √s ≤ 130 GeV. Data are
from the references listed in the bottom panel.
Utilizing available high transverse-momentum (2 <
pT < 10 GeV) p + p data on pion and kaon produc-
tion at 19 <
p
s < 63 GeV we can determine the best
tting energy-dependent hk2T i parameter (see Ref. [13]
for further details on hk2T i). Fig. 2 shows a general
agreement between the data and our calculations for
the pi−/pi+ and the K−/K+ ratios within the present
errors for pT  3 GeV. We also show predictions forp
s = 130 (56) GeV, with hk2T i = 3.5 (3.0) GeV2 for pi+,
pi− and K−. For K+ we used a smaller phenomenolog-
ical value, hk2T i = 2.5 (2.0) GeV2, as at lower energies
[14,15].
Fig. 3 displays the results for K−/pi− and K+/pi+.
One can conclude that, while agreement is reasonable for
2
pT  4 GeV, there is a systematic discrepancy at smaller
transverse momenta. High statistics p + p data at RHIC
will be essential to establish an accurate baseline to which
A + A must be compared.
FIG. 3. K−/pi− and K+/pi+ ratios in p + p → h + X col-
lisions in the energy region 19.4 ≤ √s ≤ 130 GeV. Data are
from the references listed in the bottom panel of Figure 2.
Now we turn to the calculation for Au + Au collision
at RHIC energy,
p
s = 130 AGeV. As a rst approxi-
mation, let us consider slab geometry, neglecting radial
dependence. We include the isospin asymmetry and the
nuclear modication (shadowing) into the nuclear PDF.
We consider the average nuclear dependence of the PDF,
and apply a scale independent parameterization with the













The value of the hk2T i of the transverse component of
the PDF will be increased by multiscattering eects in
A + A collisions. Two limiting cases were investigated
with (i) a large number of rescatterings [16] and (ii) a
small number of rescatterings (\saturated Cronin eect")
[13]. To clarify the situation, further study of p + A col-
lisions is necessary. Here we concentrate on the influence
of jet-quenching on the hadron spectra, leaving the in-
clusion of the multiscattering eect for future work.
In this simplied calculation, jet quenching reduces
the energy of the jet before fragmentation. We con-
centrate on ycm = 0, where the jet transverse momen-
tum before fragmentation is shifted by the energy loss,
pc(L/λ) = pc−E(E, L). This shifts the zc parameter in
the integrand to zc = zc/(1−E/pc). The applied scale
in the FF is similarly modied, Q̂ = pT /2zc , while for
the elementary hard reaction the scale remains Q = pc/2.
With these approximations the invariant cross section




















where B(0)AA = 2pi
∫ bmax
0
b db TAA(b) with bmax = 3 fm
for central Au + Au collision and TAA(b) is the thickness
function. The factor zc/zc appears because of the in-
medium modication of the fragmentation function [19].
Thus, the invariant cross section (7) will depend on the
average opacity or collision number, n = L/λg. The
calculated spectra for pions and kaons are displayed for
n = 0, 2, 3, 4 in Fig. 4 (top panels), with their ratios to
the non-quenched spectra (bottom panels). (For pi− and
K− one obtains similar spectra and ratios.)
FIG. 4. Top: pi+ and K+ spectra in Au + Au collision at√
s = 130 AGeV without jet-quenching (dashed line) and
with n = 2, 3, 4 (full lines). Bottom: Ratios of the spectra
with quenching to the \non-quenching" case for n = 1, 2, 3, 4.
We note that the GLV energy-dependent energy loss
leads to a rather structureless downward shift of the sin-
gle inclusive yields of all hadrons because E/E is ap-
proximately constant. This is in distinction to the esti-
mates in [16], where an energy dependent fractional en-
ergy loss, E/E = (0.5 GeV/E)(L/fm), was used. Our
new result indicates that over the entire accessible energy
range, the GLV radiative energy loss reduces the p? dis-
tribution by up to an order of magnitude for pions and
somewhat less for kaons.
Fig. 4 indicates the importance of the absolutely
normalized hadronic spectra to study the eect of jet-
quenching. The eect on particle ratios is, however, more
interesting, as shown by Fig.-s 5 and 6.
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FIG. 5. pi−/pi+ and K−/K+ ratios in Au + Au → h + X
collision at
√
s = 130 AGeV without jet-quenching (dotted
line) and with it, n = 2, 3, 4.
FIG. 6. K−/pi− and K+/pi+ ratios in Au + Au → h + X
collision at
√
s = 130 AGeV without jet-quenching (dotted
line) and with it, n = 2, 3, 4.
While the influence on pi−/pi+ is very small, the
K−/K+ ratio is predicted to drop dramatically in the
few GeV domain. The shift of solid K−/K+ curves to
smaller p? (relative to the dotted curve) can be used
to test the nonlinearity of the energy loss as a function
of L. It also provides a constraint on the magnitude of
the µ2/λg transport coecient. The most conspicuous
quenching eect is limited in the K−/pi− ratio to be-
low 4-5 GeV. There is about a factor of 2 enhancement
of the K+/pi+ ratio for opacity n = 4 throughout this
range. These patterns arise from the interplay of the
energy-shifted gluon and quark fragmentation functions
into pions and kaons. Since the quark to gluon jet ratio
at xed p? depends sensitively on the beam energy for
p
s = 20−200 AGeV, these patterns are expected to shift
in a systematic way with bombarding energy as well.
In summary, we applied the GLV parton energy loss [6,
7] in LO pQCD to pion and kaon production in nuclear
collisions and calculated the sensitivity of the hadronic
ratios to this property of the QCD plasma. The K+/pi+
and K−/K+ ratios in the 2 < p? < 10 GeV range were
found to be the most sensitive to the gluon opacity at
RHIC energies.
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